INTRODUCTION
The Mediterranean is getting saltier. The salinity of western Mediterranean deep water formed in late winter in the Gulf of Lions is increasing at a rate of 0.007 per decade (Lacombe et al., 1984; Leaman and Schott, 1991; Rohling and Bryden, 1992) . There is some evidence that Levantine Intermediate Water is also increasing in salinity (Rohling and Bryden, 1992) . Most dramatically, new deep water has been observed to form in the Aegean sea between 1987 and 1995 with a salinity 0.12 higher than previous deep water salinities observed in the eastern Mediterranean during this century (Roether et al., 1996; Klein et al., 1999) . Rohling and Bryden (1992) argued that increasing Mediterranean salinity should be expected as a result of the change in the water budget for the Mediterranean basin following the diversion of the Nile and Russian rivers for irrigation. They predicted, on the basis of hydraulic control arguments for the exchange across the Gibraltar sill, that the Mediterranean salinity would eventually increase by 0.13 as a result of the effective 10 % increase in net evaporation (E = e -p -r, evaporation minus precipitation minus river runoff) due to river diversion. It is useful to understand how a basin becomes saltier over time by examining the pattern of salinity increase within the Mediterranean.
We argue here that the change in water budget has been locally felt first in the Aegean sea where the effective increase in net evaporation gradually erodes the low salinity intermediate waters, called Transition Mediterranean Water (TMW) by Theocharis et al. (1999a) . After about 25 years, the low salinity intermediate waters are gone so that during severe winters convection can penetrate to great depth and new deep water can be formed at a higher salinity. The large volume of recently formed dense, deep water then spills over the sills connecting the Aegean sea to the eastern Mediterranean basin and begins to fill the deep eastern Mediterranean. As the dense water flows over the sills, lower salinity intermediate waters appear to flow back into the Aegean to replace the dense waters so that deep water formation is turned off and the cycle starts over. Nielsen (1912) suggested that deep water might be formed in the Aegean sea but the first comprehensive survey of the eastern Mediterranean identified the primary source for eastern Mediterranean deep waters to be the Adriatic (Pollak, 1951) . In an experiment to examine wintertime water mass conversion in the Aegean sea (figure 1), Charnock and Miller made pre-winter hydrographic stations in October 1961 aboard RV Chain and post-winter stations in March 1962 aboard RV Atlantis II (Miller et al., 1970 ). In 1961 -1962 , the deep water in the Aegean had a potential temperature of 14.15°C and salinity of 38.95 with a potential density anomaly of 29.25 kg·m -3 (figure 2a). For both the October and March profiles, the deep water is separated from the surface waters above 500 m depth by lower salinity (38.75) TMW. Above this intermediate water, the water column is stratified primarily by temperature and the upper waters have salinity close to that of the deep water. Below the intermediate water salinity minimum, the deep water column is stratified primarily by salinity.
BACKGROUND
To make deep water locally with the observed deep water properties from the observed October 1961 profiles, there would need to be a heat loss of 3.9×10 9 J·m -2 to cool the water column to the deep water temperature of 14.15°C and a net evaporation of 2.2 m to increase the salinity of the water column to the deep water value of 38.95. The heat loss is required primarily to cool the waters above 500 m depth while the net evaporation is primarily required to increase the salinity of the low salinity intermediate waters (TMW) . In terms of overall buoyancy loss, the required heat loss is about twice as large as the effect of the net evaporation in that such heat loss would increase the density by 0.055 kg·m -3 while the net evaporation would increase the density by 0.029 kg·m -3 . Any buoyancy loss that increased the density of the water column by 0.095 kg·m -3 would of course lead to deep convection, but a different mix of heat loss and net evaporation would change the resulting deep water properties from those observed in the Aegean in 1961-1962. Unfortunately for Miller and Charnock's experiment, the wintertime heat and freshwater losses were not great enough during the winter of 1961-1962 to form Aegean deep water (Bruce and Charnock, 1965; Miller, 1974) . Based on the difference between the heat and salt contents of the water column between March 1962 and October 1961, the wintertime heat loss was in fact only 1.3×10 9 J·m -2 , or an average of about 100 W·m -2 over 4.5 months between the October and March surveys, and the wintertime freshwater loss was only 0.4 m. There was no evidence for deep water formation in the Aegean sea during the winter of 1961-1962. There is a dearth of full-depth (> 500 m) observations of temperature and salinity in the Aegean from 1962 to 1987 . In September 1987, Meteor surveyed the eastern Mediterranean (Roether and Schlitzer, 1991) including full-depth profiles in the Aegean sea ( figure 2b) . In 1987, the deep water properties in the Aegean were effectively the same as in [1961] [1962] . Notably, the 1987 profiles showed a near absence of the low salinity TMW as the minimum intermediate water salinity is about 38.9, much higher than the TMW salinity of 38. In January 1995, Roether led another Meteor cruise to survey the modern deep water properties of the eastern Mediterranean. Remarkably, newly formed deep water was found in the Aegean sea and it was spilling over the connecting sills and spreading out into the deep eastern Mediterranean basins (Roether et al., 1996) . This new deep water has a potential temperature of 13.96°C, a salinity of 39.08, and a potential density anomaly of 29.38 kg·m -3 ( figure 2b) . Thus, the new deep water is about 0.2°C colder, 0.12 saltier and 0.13 kg·m -3 denser than the deep water of 1961-1962 or 1987 . The structure of the vertical stratification, however, had returned to 1961-1962 conditions with the reappearance of low salinity intermediate waters (TMW) . To form the 1995 deep waters locally, a wintertime heat loss of 1.7×10
9 J·m -2 would be required after January primarily to mix the waters down to 600 m depth and a net evaporation of 2.1 m would also be required primarily to erode through the TMW waters so as to form the deep water. Thus, as in 1961-1962 it does not seem feasible that deep water could be formed locally in a single winter from the observed 1995 conditions.
MATERIALS AND METHODS
To quantify the long-term effects of the rivers' runoff diversion on the deep water properties in the Aegean, we develop a simple mixed layer model where the initial profiles are taken to be the March 1962 observations of temperature and salinity (and hence density) versus depth linearly interpolated to 20-m intervals down to 2 350 m ( figure 3a) . In time steps of 1 year, a net evaporation of 10 cm is imposed on the uppermost 20-m layer, thus representing mainly a diminution of freshwater input from rivers. Since this change in net evaporation is due to a change in river runoff, there is no change required to the heat balance. As the salinity changes in this layer the density increases. If the upper layer is denser than the layer beneath, then the layers are mixed together conserving heat and salt content. Mixing continues downward until the density stratification is stable.
The net evaporation over the eastern Mediterranean is much larger than 10 cm·yr -1 . The Southampton Oceanography Centre (SOC) flux climatology (Josey et al., 1999) exhibits an e -p over the Aegean sea of 101 cm·yr -1 and Bethoux (1980) estimated E to be 108 cm·yr -1 over the whole eastern basin. We assume that such freshwater losses are balanced by the long-term averaged circulation within the eastern Mediterranean and the Aegean so that there is no local increase in salinity over time. Rohling and Bryden (1992) estimated an effective change in net evaporation of 5 cm·yr -1 due to the river diversion, this value represented an average over the entire Mediterranean-Black sea basin. Because the major changes occur in the eastern parts of the basin due to irrigation projects in Egypt and Russia, the local changes in E over the eastern basin would be expected to be larger than average. Comparison of the 0 to 2 000 m depth-averaged salinities in 1961 and 1962 with those for September 1987 indicate a salinification over time between 0.032 and 0.052, equivalent to a net evaporation between 6.3 and 10.7 cm·yr -1 over the 25-year period. Thus, we settled on a reasonable value of E = 10 cm·yr -1 for the extra net evaporation due to river diversion in the model simulations.
To neutralise the temperature stratification in order to concentrate on the effects of net evaporation on the deep convection, we removed an amount of heat equal to 2.6×10 9 J·m -2 from the March 1962 profiles before running the mixed layer model. This is equivalent to one extra harsh winter as the average winter (November to February) removes 1.7×10 9 J·m -2 heat over the Aegean sea according to the SOC climatology. Due to the lack of I) . Much of the temperature stratification in the September profiles may be accounted for by the warming between March and September in 1987 which amounts to 2.0×10 9 J·m -2 according to the SOC climatology. We estimate that the September profile has a heat content of 2.65×10 9 J·m -2 with reference to the observed bottom temperature so that 75 % of the observed thermal stratification may be due to seasonal warming from March to September.
With the model conditions after 25 years of removing 10 cm·yr -1 net evaporation, we continue to run the mixed layer model in monthly time steps using monthly values of e -p and air-sea heat exchange (solar radiation minus long-wave back radiation minus sensible heat minus latent heat) from the SOC climatology from March 1987 to December 1995. Because there can be local biases in the heat and water exchanges within the SOC climatology (Josey et al., 1999) and because our premise is that long-term average heat and water exchanges are accounted for by the pre-existing circulation, we removed the 16-year average (1980) (1981) (1982) (1983) (1984) (1985) (1986) (1987) (1988) (1989) (1990) (1991) (1992) (1993) (1994) (1995) heat exchange of 13 W·m -2 and e -p of 101 cm·yr -1 from the monthly values so that the model is driven by anomalies in heat and water exchanges reflecting the local climate variability over the Aegean. In addition we continue to remove a net evaporation at a rate of 10 cm·yr -1 (0.83 cm·month 
RESULTS
The model shows how persistent long-term changes in net evaporation can slowly change the stratification in the Aegean basin until suddenly deep water formation occurs during a severe winter. We attribute the observed increase in depth-averaged salinity from 1961-1962 to 1987 to the increase in net evaporation following river diversion for irrigation in Russia and Egypt. That salinity increase appears as the erosion of low salinity TMW, that is by an increase in the intermediate water salinity so that TMW is effectively absent by 1987. During the moderately cold winter of 1987-1988, new deep water may well have been formed, as suggested by Theocharis et al. (1999b) . The bulk of new deep water, however was likely formed during the severe winters of 1992 and 1993. The wintertime heat loss was so great during those winters (figure 5) that a deep, well-mixed water column would cool by nearly 0.1°C over the winter and the resulting new deep water in addition to being saltier would also be colder. Such cooling and salinification are both attributes of the new deep water observed in 1995 by Roether et al. (1996) as compared with the deep water properties in 1987. Succeeding mild winters in 1994 and 1995 cannot form new deep water because the wintertime buoyancy loss is insufficient to overcome the surface stratification built up over the summer even though the slow increase in salinity continues due to the net evaporation.
Once a mixed layer of cold, salty dense water forms in the Aegean, it would begin to flow out over the sills connecting the Aegean to the eastern Mediterranean basin throughout the year. As the dense water slumps in the interior, lower density water must come into the Aegean to replace it. Apparently the replacement waters have a component of the low salinity TMW, for the observed profiles in January 1995 show that TMW once again separates the deep and upper waters. The presence of TMW effectively stops any further wintertime deep water formation until the low salinity intermediate waters are eroded away. There has been little research on the origin of TMW but we suspect it must come from the region east of the Aegean sea.
DISCUSSION
Estimates of the net freshwater input to the Black sea and via the Bosphorus-Dardanelles to the northern Aegean sea have ranged from 116 to 300 km 3 ·yr -1 and there is no apparent trend in the size of the input with the date of the estimate (Ünlüata et al., 1990) . At the southern boundary of the Aegean, there is almost no signature of the freshwaters exiting the Dardanelles (Robinson et al., 1979) suggesting that the net evaporation over the Aegean is sufficient to balance the freshwater input to the Black sea. A net evaporation, E, of 1 m·yr -1 over the 1.7×10 11 -m 2 surface area of the Aegean would exactly balance a freshwater input of 170 km 3 ·yr -1 , well within the range of available estimates. Tolmazin (1985) reported that river diversion projects in Russia have reduced the freshwater input to the Black sea by 50 to 70 km . Such a drastic reduction would not immediately reduce the freshwater input to the northern Aegean proportionally as we would expect that the Black sea salinity should gradually increase with time and that the Bosphorus-Dardanelles exchange should slowly decrease with time but remain proportional to the density (or salinity) difference between the Aegean and Black seas. For the model, we assume a constant reduction in the freshwater input to the Aegean of 10 cm·yr -1 , or about 10 % of the net evaporation. Such a change in E for the Aegean could appear either as a 10 % decrease in the flow from the Dardanelles into the Aegean, or as an increase of about 1 (from 29 to 30) in the salinity of the Black Sea waters exiting the Dardanelles, or as a combination. In fact, Zervakis et al. (2000) presented evidence for a substantial reduction in the Dardanelles outflow from 1981 to 1994. Lascaratos et al. (1999) reviewed the different mechanisms put forward for the formation of new deep waters in the Aegean sea between 1987 and 1995. While mentioning the reduction in river discharge, they identified meteorological anomalies (cold winters) between 1987 and 1993 as the likely cause. Wu et al. (2000) used a three-dimensional numerical model of Mediterranean circulation to show that imposing large wintertime heat losses over the northern Aegean leads to the formation of cold, dense waters in the north which then mix with salty Levantine Intermediate Water to form new cold salty deep waters in the Aegean. They too noted changes in net evaporation but these are apparently only side effects of the cold wintertime forcing they impose. Theocharis et al. (1999b) also noted the trends in net evaporation due to river diversion but concluded that low precipitation during 1989-1993 is the fundamental cause of the new salty deep water in the Aegean. Examining observations near Crete, Georgopoulos et al. (2000) found lenses of salty water on the continental slope which they argued may lead to the formation of Aegean deep water by a process of eddy ventilation. From time series of hydrographic properties in the basins of the north Aegean, Zervakis et al. (2000) nearly concluded that changes in net evaporation due to Russian river diversion have led to new denser deep waters in the northern basins, but then cautioned that sea level in the Black Sea has been rising recently which suggested that more, not less freshwater is leaving the Black Sea and entering the Aegean.
Nearly all analyses have concentrated on the formation of new Aegean deep waters over the time period from 1987 to 1995 using 1987 observations as the baseline from which new deep waters are formed. We are in basic agreement with these analyses that new deep waters were actually formed during cold wintertime conditions, probably during the winters of 1991-1992 and 1992-1993 when there were large heat and freshwater losses over the Aegean (figure 5). In this work, however, we stress the change in net evaporation due to Russian river diversions as the cause for the slow erosion of the low salinity intermediate waters from 1962 to 1987, which ultimately created the conditions suitable for deep water formation during severe winters. The formation of new deep waters in the Aegean is a result of the two processes: a long, slow increase in the salinity due to changes in the water budget and then a catastrophic deep water formation event during a harsh cold, dry winter. While we have concentrated on local, one-dimensional arguments for simplicity, we accept the limitations of our approach where the horizontal advection and mixing contributions are not taken into account. Whatever are the contributions of those factors, we believe that they do not obviate the main result outlined here.
The presence of low salinity intermediate waters in 1995 while the recently formed deep waters are still flowing out of the Aegean over the sills into the deep eastern Mediterranean (Theocharis et al., 1999b ) strongly suggests that deep water will not be formed again for several years in the Aegean. Erosion of the imported low salinity TMW will be necessary before wintertime deep water formation can occur again. While it is tempting to suggest that deep water will not be formed for 25 more years until the effective extra net evaporation due to river diversion erodes the intermediate water salinity minimum and preconditions the Aegean sea to deep water formation, the overall circulation in the eastern Mediterranean and Aegean may have changed as a result of the Aegean deep water formation and subsequent outflow over the sills or the effects of river diversion may have a positive feedback with time. Predictions are perilous. It is interesting, however, to note that a basin like the Mediterranean does not become uniformly saltier over time following a change in its water budget. On the basis of observations and understanding to date, it appears that salinity initially increases near to where the water balance has changed; salty deep water is then formed in a local deep basin which then spills out over the sills spreading into the greater deep basin; within the local basin the outflowing dense waters are replaced by lower salinity waters which then shut off deep water formation. The cycle may repeat: we eagerly await new observations of the next stage as the Mediterranean becomes saltier and new model simulations brave enough to predict what will happen next.
